• Tumor treating fields (TTFields) for glioblastoma resulted in 5-year survival of 12.8% in the EF-14 trial.
.
The survival benefit was achieved without an increase in systemic toxicity or a decrease in quality of life [12] . The clinical use of TTFields is increasing and the therapy is now available in the USA, Germany, Austria, Switzerland, Israel and Japan [13] . The National Comprehensive Cancer Network has added TTFields as a standard-of-care treatment for GBM with a category 1 recommendation based on the EF-14 trial results [14] . An understanding of the predicted prognosis for GBM patients after the clinical trial period is important to facilitate informed clinical, personal and policy decision-making. Specifically, healthcare payers and policymakers often benefit from evaluating the lifetime cost of a therapy against the lifetime clinical benefit. Clinical trials only report data for a specific time period, which is typically a maximum of 5 years in oncology. Healthcare payers require tools to model the expected future costs and survival times for those patients alive at the last reported date of a trial.
The challenge of modeling long-term GBM survival is that the disease is characterized by a period of high mortality after onset, followed by survival probabilities that increase with time from diagnosis [6, 15] . Statistical survival extrapolations that are commonly used in outcomes research are based on regression analysis. These parametric distribution models rely on regression analysis of patient level clinical trial data and therefore do not allow for an assumption of a nonconstant hazard function with time from diagnosis [16, 17] .
Regression-based estimation methods are biased by the initial period of high mortality in GBM and will fail to account for the known presence of long-term survivors in GBM after clinical trial reported outcomes. Notably, there is evidence of TTFields-treated GBM patients surviving to 5 and 10 years after treatment, including after an initial progression of the disease [18] [19] [20] [21] . These reported outcomes are consistent with epidemiological reports of long-term GBM survivors [6, 22, 23] .
The objective of this study was to develop a model to estimate GBM survival that integrates clinical trial data with real-world reported outcomes for GBM populations. The model benefited from the availability of 5-year survival data of the EF-14 trial and multiple epidemiological studies of long-term survival outcomes in GBM.
Materials & methods
Integrated survival model approach A Bayesian area under the curve survival model framework was constructed to estimate the overall life expectancy of newly diagnosed GBM patients. The incremental mean survival benefit was calculated as the difference between the two survival curves (AUC incremental = AUC TTF+TMZ -AUC TMZ ). The model was programed to represent a lifetime horizon, modeling patients from the start of TTFields with maintenance TMZ versus maintenance TMZ alone. Patients were assumed to start treatment at the age of 56 years, consistent with the EF-14 trial population. Survival was estimated over the next 40 years.
The model estimated both mean life years and conditional survival probabilities for long-term survivors. Conditional survival is defined as the probability of a patient surviving for y additional years given that they had already survived to x years from starting treatment or diagnosis [24] .
The integrated survival model was designed to replicate the EF-14 trial design and population. The EF-14 trial enrolled 695 patients with GBM who had undergone maximal safe surgery, including biopsy only when surgery was not possible and completed 60 Gy of radiation with concurrent TMZ without tumor progression. Patients were randomized 2:1 to receive either TTFields with maintenance TMZ or maintenance TMZ alone.
The EF-14 Kaplan-Meier (K-M) survival data by year is reported for each arm in Table 1 and is based on the published final analysis of the trial data reported in 2017 [11] . The reported 5-year survival was 12.8% for patients treated with TTFields and maintenance TMZ versus 4.5% for patients treated with maintenance TMZ alone (p = 0.004). The hazard ratio between the two arms was 0.63 (95% confidence interval [CI] 0.53-0.76; p = 0.00006). The K-M survival curves demonstrated that the benefit of adding TTFields was maintained throughout the entire 5-year trial period [11] . A subgroup or responder-based survival model was beyond the scope of this analysis and was not considered meaningful as the benefit of TTFields was not restricted to a specific group of patients [11] .
The integrated survival model then synthesized the EF-14 K-M survival data from treatment initiation until year 5 with epidemiological survival rates in GBM from year 5 to year 15. Patients alive at year 15 are assumed to return to the baseline mortality rate of the age-adjusted US population [25] .
The survival results were calculated with and without a 3% discount rate applied to future health outcomes. The use of a discount rate is common in health outcome and health economic studies, representing the theoretical higher value of near-term versus long-term survival and the 3% rate was selected based on current guidelines for US studies [26] . One-way and probabilistic sensitivity analyses were performed to assess uncertainty. Bayesian 95% credible ranges (CR) were estimated for each model outcome.
Selection of epidemiology data
The epidemiological data was selected based on a literature search. The MEDLINE R database of the US National Library of Medicine was accessed via the PubMed R website. A Boolean word search was conducted using the keyword combination 'glioblastoma' and 'long-term survival' or 'conditional survival'. Of the 473 publications screened, 22 publications were reviewed in full text and five publications were selected for a detailed review.
All five publications indicated that the probability of surviving GBM increased as patients survived longer from diagnosis and that the first 2 years after diagnosis were the period of the highest mortality hazard rates [6, 15] . Two publications based on single institution reports were then excluded in favor of larger epidemiological populations [15, 27] .
The review of the three epidemiological studies identified the introduction of TMZ in 2005 to be a potential confounding factor [6, 28, 29] . TMZ became the principal chemotherapy used to treat GBM in 2005 after demonstrating a significant survival benefit both in median survival and 5-year survival [4] .
Epidemiological reports that included pre-and post-2005 populations were subject to data censoring requirements that may have biased the reporting of the conditional survival rate from 5 years to 10 years after diagnosis. Specifically, the benefit of TMZ was available for analysis at the 5-year survival point but only patients from the pre-TMZ era were available for analysis at the 10-year survival mark.
The epidemiological data published by Porter et al. was selected for inclusion in the survival model based on its homogeneous population of patients who were treated prior to the introduction of TMZ. Porter et al. reported primary malignant and nonmalignant brain tumor cases diagnosed from 1985-2005 from the National Cancer Institute Surveillance, Epidemiology and End Results Program registries, including 5991 GBM patients. This study provided survival probabilities through 15 years after diagnosis with GBM. The probability of surviving GBM to 10 years and 15 years given survival to 5 years and 10 years was 70.4% (95% CI: 55.6-81.2%) and 84.0% (95% CI: 38.9-96.8), respectively [6] .
The model utilized weekly cycles to calculate survival and converted the long-term conditional survival probabilities to weekly mortality probabilities. The 70.4% probability of surviving at year 10 given survival to year 5 was converted to a weekly survival probability of 0.9987 and inversely a weekly mortality probability of 0.0013. To test the sensitivity of the survival results to the accuracy of the epidemiological data utilized in this study, we varied the reported long term survival rates by ±20% for the period following year 5.
Additional parametric modeling
Parametric distribution models, including exponential, Weibull, log-logistic, and log-normal functions, of the EF-14 trial K-M survival data were developed for validity testing against the available reported real-world outcomes for long-term survival. This approach to test regression-based parametric models was previously reported by Holland et al. [30] . The parametric models were also developed to allow for use in probabilistic sensitivity analysis. The best parametric fit was assessed using a combination of Akaike's information criterion and face validity inspection for the 5-year trial data period. The conditional survival rates estimated by the integrated survival model at future time points given a patient has survived to 2 years. TMZ: Maintenance temozolomide; TTFields: Tumor treating fields. 
Results
Mean lifetime survival estimated by the integrated survival model Survival benefits were estimated over a lifetime horizon and represent the mean survival accrued for a population of newly diagnosed GBM patients treated with and without adding TTFields to maintenance TMZ. The estimated mean lifetime survival was 4.2 years (95% CR: 3.8-4.6) when TTFields was added to maintenance TMZ and 2.4 years (95% CR: 2.3-2.6) for patients treated with maintenance TMZ alone, accounting for 1.8 incremental life years gained (LYG; 95% CR: 1.5-2.1). The resulting estimate of LYGs was 1.2 years after applying a 3% discount rate (95% CR: 1.1-1.4).
To test the sensitivity of the results to the epidemiology data utilized in this study, one-way sensitivity analysis varied the long-term survival rates reported by Porter et al. by 20%. Decreasing the epidemiology survival rates by 20% estimated a mean survival benefit of 1.4 years (undiscounted). Increasing the epidemiology survival rates by 20% resulted in an estimated survival benefit of 2.2 years (undiscounted).
Conditional survival estimated by the integrated survival model
The conditional probability for patients alive 2 years after starting treatment to survive to years 3, 4, 5, 10 and 15 are presented in Table 2 . Patients treated with TTFields and maintenance TMZ who were alive at year 2 after starting treatment had a 29.4% probability of surviving to year 5 (95% CR: 24.4-31.2%) and a 20.7% probability of surviving to year 10 (95% CR: 14.0-24.6%). For patients treated with maintenance TMZ alone, the probability of surviving from year 2 to year 5 was 14.7% (95% CR: 18.5-23.7%) and the probability of surviving from year 2 to year 10 was 10.3% (95% CR: 11.2-18.3%).
Outcomes of regression-based parametric modeling and validity testing
The best fit for the TTFields with maintenance TMZ arm was the log-normal distribution and the best fit for the maintenance TMZ alone arm was the log-logistic distribution (Table 3) . Despite being the best fit, the parametric curve for the maintenance TMZ alone arm visibly underestimated the EF-14 K-M survival results when plotted.
The parametric models also estimated conditional survival from year 5 to year 10 of 21.9% and 24.0% for treatment with TTFields and maintenance TMZ versus maintenance TMZ alone, respectively (Table 4) . These results substantially underestimated survival compared with real world outcomes reported in large epidemiological studies [6, 15, [27] [28] [29] [30] . 
Discussion
GBM is a highly aggressive tumor that requires intensive treatment to maximize survival. The disease affects a relatively young population, indicating that the disease often strikes during the peak productive years for adults. The age of the patients also indicates that successful intervention has the potential to produce substantial survival benefits for those who survive the early stages of the disease when measured over the remaining lifetime of the patients. The integrated survival model allows for the synthesis of 5-year survival data from a large randomized controlled trial and real-world outcomes for GBM patients alive 5 to 15 years after diagnosis. This integrated modeling approach relied on actual reported outcomes to estimate future survival and did not rely on statistical extrapolations and assumptions.
Regression-based parametric models produced survival estimates that were inconsistent with both the EF-14 trial data and epidemiological data. The parametric models estimated survival rates after year 5 that were substantially below the real-world outcomes reported by Porter et al. Additionally, the parametric models estimated a higher hazard of death after year 5 for patients treated with TTFields and maintenance TMZ than for patients treated with maintenance TMZ alone; a finding that was inconsistent with the EF-14 K-M survival data, which reported lower mortality rates for TTFields treated patients during the entire trial period [11] . The reason for this discrepancy is the constant hazard function for death overtime that is inherent to regression-based statistical parametric models was not observed in the EF-14 trial or previous analysis of GBM survival data [11, 15] .
The limitations of statistical extrapolation of GBM survival can be observed in the only prior attempt to model lifetime survival based on the EF-14 trial data, which estimated GBM survival using exponential extrapolation of median EF-14 survival rates [31] . We plotted the exponential extrapolation method against the reported EF-14 K-M survival curves in Figure 1 . The exponential extrapolation had the worst fit by Akaike's information criterion testing (Table 3) and was a poor visual fit to the EF-14 K-M survival curves in Figure 1 . Specifically, estimated 5-year survival for patients treated with TTFields and maintenance TMZ was only 5.5%, substantially below the actual reported K-M result of 12.8%.
The National Institute for Health and Care Excellence in the UK considered a similar survival model structure in its decision to license ipilimumab [32, 33] . Recent academic research has also relied on this approach to assess ipilimumab and pembrolizumab [34, 35] .
The integrated survival model is subject to certain limitations. First, the model relied on trial and epidemiological survival rates as an input. The model therefore combined data from two sources and assumed that patients alive at 5 years in one dataset will have the same future outcomes as patients in the other dataset. The benefit of this approach is that long-term survival is consistent with available data from real-world reported outcomes over decades. The sensitivity analysis demonstrated that even if the modeled survival rate after year 5 was overstated by 20%, the incremental mean lifetime survival benefit of adding TTFields to maintenance TMZ was still substantial at 1.4 years.
Another limitation of the model is that the clinical trial input to the model was a single pivotal trial of TTFields. GBM is a relatively rare disease and multiple pivotal trials are generally not feasible prior to regulatory approval and product launch. The limitation is mitigated by the size and rigor of the EF-14 trial. The EF-14 trial was a multinational randomized controlled trial run in leading cancer institutions specialized in treating CNS tumors and enrolled 695 patients (about 5% of the GBM annual incidence in the USA). This risk is further mitigated by the fact that the survival results for the maintenance TMZ alone arm in the EF-14 trial were consistent with outcomes reported in a prior trial with a comparable design [36] .
One more possible limitation of this model is that it does not differentiate between patients with different genetic tumor markers (e.g., MGMT promotor methylation and IDH1 mutation). Patients with methylated MGMT promotors (about 40% of GBM patients) are known to have much longer survival times when receiving TMZ than those with unmethylated promotors [4, 7] . In addition, patients with secondary GBM transforming from low-grade astrocytomas to GBM are characterized by mutated IDH1 (about 6% of the GBM population). These patients have significantly longer survival times as well regardless of treatment. Although patients with these different genetic tumor markers were equally distributed between groups in the EF-14 trial, it is unknown whether the incidence of the different genetic markers is the same between the EF-14 trial and the epidemiological data used in this model, since Porter et al. did not report this data.
Conclusion
The integrated survival model provides physicians, patients and payers with the ability to estimate mean lifetime survival in GBM based on the synthesis of the most recent clinical data and epidemiological sources. This approach avoids the limitations of parametric survival models that are based on regression-analysis of patient level trial results. The integrated survival model results indicated that the addition of TTFields to maintenance TMZ resulted in a substantial increase in mean lifetime survival for GBM patients. This estimated increase in mean lifetime survival of 1.8 years is highly significant for a disease with an historical median survival of just over a year.
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